In the design and calculation of a 330 MW water-water-air cooling turbo-generator, it was found that the flow direction of the fluid in the local stator radial ventilation duct is opposite to the design direction. In order to study what physical quantities are associated with the formation of this unusual fluid flow phenomenon, in this paper, a 100 MW air-cooled turbo-generator with the same ventilation structure as the abovementioned models is selected as the research object. The distribution law and pressure of the fluid in the stator radial ventilation duct and axial flow velocity at the air gap entrance are obtained by the test method. After the calculation method is proved correct by experimental results, this calculation method is used to calculate the flow velocity distribution of the outlets of multiple radial ventilation ducts at various flow velocities at air gap inlets. The relationship between the flow distribution law of the stator ventilation ducts and the inlet velocity of the air gap is studied. The phenomenon of backflow of fluid in the radial ventilation duct of the stator is found, and then the influence of backflow on the temperature distribution of stator core and winding is studied. It is found that the flow phenomenon can cause local overheating of the stator core.
Introduction
Regarding the research on the temperature field of large turbo-generators, most scholars have mainly focused on the research on the fluid field and the temperature field [1] [2] [3] . Some research mainly focused on the heat transfer relationship between the temperature rise of structural parts such as the stator winding and fluid flow. There were also some studies on the internal fluid distribution law of generators, and the main research direction was the rational design of the ventilation system of the generator [4] [5] [6] . Unlike the above research contents, the main content of this paper is about which physical quantities of the fluid are related to the fluid flow distribution rules in the ventilation duct of the generator and which significant changes will occur with the changes of these physical quantities. The accurate measurement results of the fluid distribution in the ventilation duct of the stator core are the prerequisites for the accurate calculation of the above research contents.
In this paper, a 100 MW single-channel ventilation turbo-generator set is taken as the research object, and the experimental measurement method [7] [8] [9] of flow in stator radial duct distribution and air gap flow velocity of ventilation duct is proposed. The fluid pressure and flow velocity measuring sensors are buried at the generator stator ventilation duct and the air gap entrance. After measuring the pressure and flow speed at these positions, it is found that the fluid velocity at the local stator radial ventilation duct is significantly lower. Then the calculation results of fluid flow velocity in different ventilation ducts of the generator stator during the test conditions are obtained by the three-dimensional fluid field calculation method. The calculated results are in good agreement with the experimental results after comparison.
Though our analysis, it is found that the air gap inlet velocity is the main factor affecting the distribution of the fluid flow rate in the stator ventilation duct. Based on this calculation method, the results of velocity distribution in different radial ventilation ducts of generator stator are calculated at three different flow velocities at the air gap entrance. It is also found that with the increase of the velocity at the air gap entrance, the phenomenon of backflow in the stator iron core ventilation duct will occur locally.
Experimental Measurement and Result Analysis

Test and Measurement of the Velocities at Air Gap Inlet and Radial Ventilation Duct Outlets in the Generator
The schematic diagram of single ventilation is shown in Figure 1 . There are 76 radial ventilation ducts in the stator of the test generator. Due to the large number of them, the test basically follows the principle of embedding a wind speed measuring component in every other wind duct. Due to the existence of the step structure on both sides of the stator core end, the fluid is blocked by the core step in this area, resulting in a large change in the fluid flow velocity in this area. Therefore, the measuring elements are embedded densely at the air gap entrance of the generator. The measuring component adopts the pitot tube, and the pitot tube is connected with two pressure measuring tubes at the tail. The measured full pressure and static pressure are led to the outside of the generator through the pressure tube, which is convenient for connecting the pressure collector and obtaining the test result. The pitot tubes are buried in the ventilation duct yokes of the stator core and care to ensure the same embedment depth and axial position. In the axial direction, the buried pitot tube is located in the axial center of the ventilation duct, and it is not affected by the boundary layer with low flow velocity at the wall surface. Each pitot tube in the radial direction is oriented toward the center of the circle to ensure the consistency between the measurement sensor and the direction angle of the flow velocity. In this way, the measuring point placed in the ventilation duct can clearly and effectively measure the wind speed and pressure in the entire wind channel, ensuring the consistency of data. The specific installation positions are shown in Figures 2 and 3. radial ventilation duct is significantly lower. Then the calculation results of fluid flow velocity in different ventilation ducts of the generator stator during the test conditions are obtained by the threedimensional fluid field calculation method. The calculated results are in good agreement with the experimental results after comparison.
Experimental Measurement and Result Analysis
Test and Measurement of the Velocities at Air Gap Inlet and Radial Ventilation Duct Outlets in the Generator
The schematic diagram of single ventilation is shown in Figure 1 . There are 76 radial ventilation ducts in the stator of the test generator. Due to the large number of them, the test basically follows the principle of embedding a wind speed measuring component in every other wind duct. Due to the existence of the step structure on both sides of the stator core end, the fluid is blocked by the core step in this area, resulting in a large change in the fluid flow velocity in this area. Therefore, the measuring elements are embedded densely at the air gap entrance of the generator. The measuring component adopts the pitot tube, and the pitot tube is connected with two pressure measuring tubes at the tail. The measured full pressure and static pressure are led to the outside of the generator through the pressure tube, which is convenient for connecting the pressure collector and obtaining the test result. The pitot tubes are buried in the ventilation duct yokes of the stator core and care to ensure the same embedment depth and axial position. In the axial direction, the buried pitot tube is located in the axial center of the ventilation duct, and it is not affected by the boundary layer with low flow velocity at the wall surface. Each pitot tube in the radial direction is oriented toward the center of the circle to ensure the consistency between the measurement sensor and the direction angle of the flow velocity. In this way, the measuring point placed in the ventilation duct can clearly and effectively measure the wind speed and pressure in the entire wind channel, ensuring the consistency of data. The specific installation positions are shown in Figures 2 and 3. Figure 3 shows the embedding position of the wind speed sensor at the air gap entrance. The sensor is located at the entrance of the generator air gap. Considering the influence of rotating air flow at the air gap entrance, the installation angle between the wind sensor direction and the axial direction is 40 degrees. Since the air volume passing through this position accounts for about 70% of the total air volume of the generator, it is very important to accurately measure the wind speed at this inlet position. At the same time, in single-channel ventilation of turbo-generator, the flow resistance at the air gap entrance is the biggest in the whole ventilation system. It is necessary to bury the pressure measuring point here, which is also of great guiding significance to verify the calculated value of the whole ventilation system design. This measurement will provide important inlet boundary conditions for the following finite element calculations. Table 1 shows that the static pressure at the measuring position of the stator core yoke ranges from 1000 to 1500 Pa. From the distribution of pressure difference, when the fluid is located at the end of both sides of the stator core, the pressure difference is small, and it is bigger close to the stator core center. According to the Bernoulli equation of fluid flow, it can be known that: This pressure difference is actually the dynamic pressure of the fluid, and this value can reflect the fluid velocity at the measurement position. Figure 3 shows the embedding position of the wind speed sensor at the air gap entrance. The sensor is located at the entrance of the generator air gap. Considering the influence of rotating air flow at the air gap entrance, the installation angle between the wind sensor direction and the axial direction is 40 degrees. Since the air volume passing through this position accounts for about 70% of the total air volume of the generator, it is very important to accurately measure the wind speed at this inlet position. At the same time, in single-channel ventilation of turbo-generator, the flow resistance at the air gap entrance is the biggest in the whole ventilation system. It is necessary to bury the pressure measuring point here, which is also of great guiding significance to verify the calculated value of the whole ventilation system design. This measurement will provide important inlet boundary conditions for the following finite element calculations. Table 1 shows that the static pressure at the measuring position of the stator core yoke ranges from 1000 to 1500 Pa. From the distribution of pressure difference, when the fluid is located at the end of both sides of the stator core, the pressure difference is small, and it is bigger close to the stator core center. According to the Bernoulli equation of fluid flow, it can be known that: This pressure difference is actually the dynamic pressure of the fluid, and this value can reflect the fluid velocity at the measurement position. Figure 3 shows the embedding position of the wind speed sensor at the air gap entrance. The sensor is located at the entrance of the generator air gap. Considering the influence of rotating air flow at the air gap entrance, the installation angle between the wind sensor direction and the axial direction is 40 degrees. Since the air volume passing through this position accounts for about 70% of the total air volume of the generator, it is very important to accurately measure the wind speed at this inlet position. At the same time, in single-channel ventilation of turbo-generator, the flow resistance at the air gap entrance is the biggest in the whole ventilation system. It is necessary to bury the pressure measuring point here, which is also of great guiding significance to verify the calculated value of the whole ventilation system design. This measurement will provide important inlet boundary conditions for the following finite element calculations. Table 1 shows that the static pressure at the measuring position of the stator core yoke ranges from 1000 to 1500 Pa. From the distribution of pressure difference, when the fluid is located at the end of both sides of the stator core, the pressure difference is small, and it is bigger close to the stator core center. According to the Bernoulli equation of fluid flow, it can be known that: This pressure difference is actually the dynamic pressure of the fluid, and this value can reflect the fluid velocity at the measurement position. The calculated static pressure at the generator fan inlet is about 4500 Pa. It can be inferred from the static pressure measured by the sensor in Table 1 that the sum of fluid flow resistance at the generator end, air gap, core tooth, and other positions is 3000 Pa. The static pressure in the ventilation duct on both sides of the generator end is large, but the difference between the total pressure and the static pressure is small. The static pressure at the ventilation duct of the generator center is small, but the difference between the total pressure and the static pressure is large, indicating that the flow velocity in most ventilation ducts in the central area of the generator stator is larger than that at the end. Detailed analysis of the data in the table: It was found that the pressure difference in radial ventilation duct no. 49 and 74 was negative. After rechecking the measuring element, it was found that an installation error caused the negative measuring result. In order to facilitate intuitive analysis, the measurement results are shown in Figure 4 . The wind speed measurement results in the stator core ventilation duct have a total of 76 ventilation ducts throughout the core. The wind speed measurement components are densely packed at the ends and relatively less in the middle. It can be seen that the fluid radial velocities in the entire core ventilation ducts show a higher speed in the middle and a lower speed at both sides of the end. This indicates that the flow velocity from the two ends to the center gradually increases, and the maximum flow velocity is about 20 m/s. In order to facilitate intuitive analysis, the measurement results are shown in Figure 4 . The wind speed measurement results in the stator core ventilation duct have a total of 76 ventilation ducts throughout the core. The wind speed measurement components are densely packed at the ends and relatively less in the middle. It can be seen that the fluid radial velocities in the entire core ventilation ducts show a higher speed in the middle and a lower speed at both sides of the end. This indicates that the flow velocity from the two ends to the center gradually increases, and the maximum flow velocity is about 20 m/s. It can also be found that the flow velocity in the first three ventilation ducts is high on both sides of the stator, while the flow velocity in the fourth, fifth, and sixth ventilation ducts decreased rapidly, down to less than 4 m/s. It is not difficult to infer that the stator cores and winding near the fourth to the seventh ventilation ducts will have a higher temperature rise due to the lower wind speed.
Stator Radial Ventilation Duct Outlet Flow Rate Measurement Results
The reason for the decrease of the fourth, fifth, and sixth ventilation duct wind speeds on both sides of the stator is that this position is the beginning of the normal stator ventilation duct. These ventilation duct structures are different from the first, second, and third which have the characteristics of the step structure, shown in Figure 5 . The wind in the first three ventilation ducts, due to the iron core step structure block, has a higher wind speed in radial ventilation ducts. After passing through the first three ventilation ducts, the flow duct structure area is smooth in the axial direction and the flow becomes unobstructed. The wind has a high axial velocity when it flows in the air gap. This will cause the static pressure around the gap to drop. Thus, it results in a very low wind speed in radial ventilation ducts at this location. As the capacity of the generator increases, the fluid velocity at the entrance of the air gap increases, and this problem becomes more serious. It can also be found that the flow velocity in the first three ventilation ducts is high on both sides of the stator, while the flow velocity in the fourth, fifth, and sixth ventilation ducts decreased rapidly, down to less than 4 m/s. It is not difficult to infer that the stator cores and winding near the fourth to the seventh ventilation ducts will have a higher temperature rise due to the lower wind speed.
The reason for the decrease of the fourth, fifth, and sixth ventilation duct wind speeds on both sides of the stator is that this position is the beginning of the normal stator ventilation duct. These ventilation duct structures are different from the first, second, and third which have the characteristics of the step structure, shown in Figure 5 . The wind in the first three ventilation ducts, due to the iron core step structure block, has a higher wind speed in radial ventilation ducts. After passing through the first three ventilation ducts, the flow duct structure area is smooth in the axial direction and the flow becomes unobstructed. The wind has a high axial velocity when it flows in the air gap. This will cause the static pressure around the gap to drop. Thus, it results in a very low wind speed in radial ventilation ducts at this location. As the capacity of the generator increases, the fluid velocity at the entrance of the air gap increases, and this problem becomes more serious. In order to facilitate intuitive analysis, the measurement results are shown in Figure 4 . The wind speed measurement results in the stator core ventilation duct have a total of 76 ventilation ducts throughout the core. The wind speed measurement components are densely packed at the ends and relatively less in the middle. It can be seen that the fluid radial velocities in the entire core ventilation ducts show a higher speed in the middle and a lower speed at both sides of the end. This indicates that the flow velocity from the two ends to the center gradually increases, and the maximum flow velocity is about 20 m/s. It can also be found that the flow velocity in the first three ventilation ducts is high on both sides of the stator, while the flow velocity in the fourth, fifth, and sixth ventilation ducts decreased rapidly, down to less than 4 m/s. It is not difficult to infer that the stator cores and winding near the fourth to the seventh ventilation ducts will have a higher temperature rise due to the lower wind speed.
The reason for the decrease of the fourth, fifth, and sixth ventilation duct wind speeds on both sides of the stator is that this position is the beginning of the normal stator ventilation duct. These ventilation duct structures are different from the first, second, and third which have the characteristics of the step structure, shown in Figure 5 . The wind in the first three ventilation ducts, due to the iron core step structure block, has a higher wind speed in radial ventilation ducts. After passing through the first three ventilation ducts, the flow duct structure area is smooth in the axial direction and the flow becomes unobstructed. The wind has a high axial velocity when it flows in the air gap. This will cause the static pressure around the gap to drop. Thus, it results in a very low wind speed in radial ventilation ducts at this location. As the capacity of the generator increases, the fluid velocity at the entrance of the air gap increases, and this problem becomes more serious. In order to study the influence of different axial velocities at the air gap entrance on the radial velocity of fluid in the adjacent ventilation duct, the finite element method is used to calculate the test condition.
Study on Sensitivity of Air Gap Inlet Flow Velocity to Stator Radial Ventilation Duct Flow Rate Distribution
Mathematical Model and Physical Model Description
Mathematical Model Description
Mass conservation equation [10] [11] [12] :
Momentum conservation equation [10] [11] [12] :
Energy conservation equation [10] [11] [12] :
where ρ is fluid density; t is the time; V is the relative fluid velocity vector; u, v, and w are the components of V in x, y, and z axes; µ is viscosity coefficient; p is static pressure acting on a micro cell in air; S u , S v , and S w are the source items of the momentum equation; λ is thermal conductivity; c is specific heat in constant pressure; S T is the ratio of the heat generated in the unit volume and specific heat c.
Since the fluid in the stator calculation domain has a turbulent flow and the air in the radial ventilating duct of the generator can be regarded as incompressible, a standard k-ε model in the commercial solver "FLUENT" is used to solve the turbulence movement [10] [11] [12] .
where k is the turbulent kinetic energy, ε is the diffusion rate, G k is turbulent generation rate, µ t is turbulent viscosity coefficient, G 1ε and G 2ε are constant; σ k and σ ε are, respectively, the equation k and equation ε of Planck's constant turbulence.
Physical Model Description, Mesh Analysis, and the Boundary Conditions a. Physical Model Description
The model of Figure 6a includes 76 air gap inlets and radial ventilation duct outlets, the stator core is near the ventilation ducts, and the fluid flow in the ventilation ducts will take away the loss in the core. The model of Figure 6b includes: The upper-and lower-layer bar of the generator stator slots and their main insulation, wedges, and ventilation ducts fluid area. The first three ventilation ducts of the iron core have the step structure shown in Figure 5 , and their lengths in the radial direction are sequentially increased, and the corresponding fluid area here is sequentially reduced. The model of Figure 6a includes 76 air gap inlets and radial ventilation duct outlets, the stator core is near the ventilation ducts, and the fluid flow in the ventilation ducts will take away the loss in the core. The model of Figure 6b includes: The upper-and lower-layer bar of the generator stator slots and their main insulation, wedges, and ventilation ducts fluid area. The first three ventilation ducts of the iron core have the step structure shown in Figure 5 , and their lengths in the radial direction are sequentially increased, and the corresponding fluid area here is sequentially reduced. 
b. Grid Mesh and Memory Usage
All the models adopted eight-node hexahedral mesh generation, as shown in Figure 7 . The mesh generation was regular, and there were no over-sized or under-sized cells of the generation volume or area. The statistical results of the number of nodes and memory are shown in Table 2 . 
All the models adopted eight-node hexahedral mesh generation, as shown in Figure 7 . The mesh generation was regular, and there were no over-sized or under-sized cells of the generation volume or area. The statistical results of the number of nodes and memory are shown in Table 2 . In order to improve the computational accuracy of the fluid domain, the grid density in the fluid domain was dense, the grid density ratio between the fluid domain and the solid domain was about 10:1 in the axial direction. In the radial direction, the grid density was dense at the air gap and sparse at the yoke. While ensuring the accuracy of calculation, this effectively reduces the amount of computation and shortens the time. The grid mesh accuracy of this calculation method has been verified by the grid encryption method through previous work, which can better meet the calculation accuracy [13] . c. Boundary Conditions
The calculation boundary conditions are given as follows [14-16]:
1) The air gap inlet is set as the velocity boundary condition, which is given according to the measurement results: The angle between the measuring element direction (Figure 3 ) and the axial direction is about 40 degrees, and the measured velocity is 74 m/s. Therefore, after triangle In order to improve the computational accuracy of the fluid domain, the grid density in the fluid domain was dense, the grid density ratio between the fluid domain and the solid domain was about 10:1 in the axial direction. In the radial direction, the grid density was dense at the air gap and sparse at the yoke. While ensuring the accuracy of calculation, this effectively reduces the amount of computation and shortens the time. The grid mesh accuracy of this calculation method has been verified by the grid encryption method through previous work, which can better meet the calculation accuracy [13] .
c. Boundary Conditions
The calculation boundary conditions are given as follows [14] [15] [16] :
(1) The air gap inlet is set as the velocity boundary condition, which is given according to the measurement results: The angle between the measuring element direction (Figure 3 ) and the axial direction is about 40 degrees, and the measured velocity is 74 m/s. Therefore, after triangle calculation, the inlet velocity of the air gap entrance is given as 56 m/s. (2) The 38 radial ventilation outlets (half of generator) are basically balanced with the surrounding atmospheric pressure. Given the pressure boundary condition, the value is equivalent to one atmospheric pressure. (3) The air gap exists in the whole circumferential direction, but the calculation model includes two additional surfaces, S1, S2 (shown in Figure 7 ), at the air gap that will increase the frictional resistance when fluid flows. In fact, this frictional resistance does not exist, so the periodic boundary conditions given for these two sides, eliminate the influence of frictional resistance on fluid flow. (4) The velocity inlet of the rotor is given as the velocity boundary condition, and the velocity value is given according to the calculation results of the rotor ventilation calculation.
Comparison of Fluid Calculation Results and Measured Values at Test Conditions
The comparison of the test results and the calculation results of stator ventilation system are shown in Figure 8 . In order to improve the computational accuracy of the fluid domain, the grid density in the fluid domain was dense, the grid density ratio between the fluid domain and the solid domain was about 10:1 in the axial direction. In the radial direction, the grid density was dense at the air gap and sparse at the yoke. While ensuring the accuracy of calculation, this effectively reduces the amount of computation and shortens the time. The grid mesh accuracy of this calculation method has been verified by the grid encryption method through previous work, which can better meet the calculation accuracy [13] . c. Boundary Conditions
1) The air gap inlet is set as the velocity boundary condition, which is given according to the measurement results: The angle between the measuring element direction (Figure 3 ) and the axial direction is about 40 degrees, and the measured velocity is 74 m/s. Therefore, after triangle calculation, the inlet velocity of the air gap entrance is given as 56 m/s. 2) The 38 radial ventilation outlets (half of generator) are basically balanced with the surrounding atmospheric pressure. Given the pressure boundary condition, the value is equivalent to one atmospheric pressure.
3) The air gap exists in the whole circumferential direction, but the calculation model includes two additional surfaces, S1, S2 (shown in Figure 7 ), at the air gap that will increase the frictional resistance when fluid flows. In fact, this frictional resistance does not exist, so the periodic boundary conditions given for these two sides, eliminate the influence of frictional resistance on fluid flow. 4) The velocity inlet of the rotor is given as the velocity boundary condition, and the velocity value is given according to the calculation results of the rotor ventilation calculation.
The comparison of the test results and the calculation results of stator ventilation system are shown in Figure 8 . Because the fluid distribution is not uniform even in the same ventilation duct of the stator, the flow velocity value of one measuring point in the ventilation duct cannot completely reflect the distribution law of fluid velocity in this ventilation duct. Furthermore, the flow rate of the test result in this ventilation duct cannot be accurately obtained. However, since the fluid flow velocity measurement points are buried in the same position in each radial ventilation duct of the generator, the test velocity distribution law can indirectly reflect the flow rate distribution law in the stator radial It can be seen intuitively from Figure 8 that, in the fourth ventilation duct of the stator, the test results and calculated results both show a small flow rate at this position. In addition, the flow trend of fluid in different ventilation ducts is consistent. They all showed that the flow rate in the first three radial ventilation ducts is large, and then there is a trend of rapid increase after the flow rate decreases. The calculated flow distribution results are in agreement with the experimental measurements, which proves the accuracy of the calculation method.
Study on Sensitivity of Axial Velocity at the Air Gap Entrance to Flow Rate Distribution at Stator Radial Ventilation Ducts
In order to analyze the effect of different axial velocities at the air gap entrance on flow rate distribution at the stator radial ventilation ducts, this section gives four different wind speeds at the air gap entrance, which are 56, 70, 85, and 100 m/s respectively. Through the calculation of finite element theory, the distribution law of fluid flow in different radial ventilation ducts can be determined at the four different air gap inlet flow velocities.
When the air gap inlet velocity is 56 m/s, the flow velocity distribution of the fluid in the air gap and in each radial ventilation duct can be seen from Figure 9 . After the fluid enters the air gap, the maximum flow velocity is 71 m/s, located below the second ventilation duct. According to the analysis of fluid continuity theory, the flow area in this place is the smallest position in the air gap, so the fluid velocity is the highest here. After fluid flowing through this position, the cross-sectional area in the air gap suddenly increases, but the fluid distribution does not rapidly expand as the air gap space increases, and the flow velocity in the air gap is still high. The velocity distribution trend shows the higher velocity in upper layer of the air gap, and the lower velocity in the lower layer. As the fluid in the air gap flows into the radial ventilation ducts sequentially, the flow velocity in the air gap becomes smaller and smaller. From the 38 radial flow velocity distributions, it can be seen directly that the velocity in the fourth and fifth ventilation ducts are lower, while the velocity of the first, second, 37th, and 38th are higher.
Because the fluid distribution is not uniform even in the same ventilation duct of the stator, the flow velocity value of one measuring point in the ventilation duct cannot completely reflect the distribution law of fluid velocity in this ventilation duct. Furthermore, the flow rate of the test result in this ventilation duct cannot be accurately obtained. However, since the fluid flow velocity measurement points are buried in the same position in each radial ventilation duct of the generator, the test velocity distribution law can indirectly reflect the flow rate distribution law in the stator radial ventilation ducts. The test results of flow velocities in different ventilation ducts and FEM calculation results of flow rates in different ventilation ducts are comparable.
It can be seen intuitively from Figure 8 that, in the fourth ventilation duct of the stator, the test results and calculated results both show a small flow rate at this position. In addition, the flow trend of fluid in different ventilation ducts is consistent. They all showed that the flow rate in the first three radial ventilation ducts is large, and then there is a trend of rapid increase after the flow rate decreases. The calculated flow distribution results are in agreement with the experimental measurements, which proves the accuracy of the calculation method.
When the air gap inlet velocity is 56 m/s, the flow velocity distribution of the fluid in the air gap and in each radial ventilation duct can be seen from Figure 9 . After the fluid enters the air gap, the maximum flow velocity is 71 m/s, located below the second ventilation duct. According to the analysis of fluid continuity theory, the flow area in this place is the smallest position in the air gap, so the fluid velocity is the highest here. After fluid flowing through this position, the cross-sectional area in the air gap suddenly increases, but the fluid distribution does not rapidly expand as the air gap space increases, and the flow velocity in the air gap is still high. The velocity distribution trend shows the higher velocity in upper layer of the air gap, and the lower velocity in the lower layer. As the fluid in the air gap flows into the radial ventilation ducts sequentially, the flow velocity in the air gap becomes smaller and smaller. From the 38 radial flow velocity distributions, it can be seen directly that the velocity in the fourth and fifth ventilation ducts are lower, while the velocity of the first, second, 37th, and 38th are higher. Similar to the above flow law, for the convenience of comparison, the fluid flow distribution in each radial ventilation duct is shown in Figure 10 under four different air gap entrance velocities. Similar to the above flow law, for the convenience of comparison, the fluid flow distribution in each radial ventilation duct is shown in Figure 10 under four different air gap entrance velocities. In Figure 10 , the horizontal axis is the stator ventilation duct number. There is a total of six curves in the figure. Among them four curves are the four different inlet wind speed calculated values of the fluid velocity distribution in each ventilation duct of the stator; the other two curves are when the air gap inlet is 56 m/s, the flow rate test measured value and linear fit value at different radial ventilation ducts of the stator. From the calculated-value curves it can be seen that, with the increase of the flow velocities at the air gap entrance, the flow velocity in the other radial ventilation ducts except the fourth, fifth, and sixth ducts increases correspondingly; while the flow velocity in the fourth, fifth, and sixth ventilation ducts has the opposite distribution law, where the flow velocity does not increase but decreases.
After analyzing the calculation results of the fourth ventilation duct flow velocity, when the inlet speed is 56, 70, 85, and 100 m/s, the fluid average velocity of the radial ventilation duct outlets is 1.1, 0.24, −0.6, and −1.3 m/s. From the analysis of the calculation results, it can be seen that when the air gap inlet wind speed increases to a value between 70 and 85 m/s, the wind speed in the fourth ventilation duct will be close to zero. That is to say, there is no cooling wind blowing through the core and winding, the internal loss can only be taken away by the fluid in the adjacent ventilation duct; and when the speed at the air gap entrance is greater than the critical value above, the fluid velocity in the radial ventilation duct will form a reverse-direction reflux. At this time, the hot air from the other ventilation ducts will flow back into this ventilation duct. No matter which of any the above situations occurs, it is very unfavorable to the heat transfer of the generator stator structure and the safe operation of the generator. Figure 11 shows the calculation results of the generator stator temperature field when the air gap inlet velocity is 56 m/s. It can be seen from the figure that the temperature of the stator core near the fourth radial ventilation duct is significantly higher than that of the other stator cores, but the temperature of the upper and lower windings of the stator is less affected by the low wind speed in this region.
The Influence of Backflow in the Radial Ventilation Duct on the Temperature of the Stator Winding and Core
In order to analyze the axial distribution of the temperature of the stator core and winding in the case of backflow in the radial ventilation duct, Figure 12 shows the axial temperature distribution curve of the sampling line with the same radial height. The sampling line position is shown in Figure  11 . When backflow occurs in the stator radial ventilation duct, the calculated temperatures of the stator core, winding, and cooling air along the axial direction are collected from the sampling line. At the same time, the corresponding air gap inlet velocity was 85 m/s. In Figure 10 , the horizontal axis is the stator ventilation duct number. There is a total of six curves in the figure. Among them four curves are the four different inlet wind speed calculated values of the fluid velocity distribution in each ventilation duct of the stator; the other two curves are when the air gap inlet is 56 m/s, the flow rate test measured value and linear fit value at different radial ventilation ducts of the stator. From the calculated-value curves it can be seen that, with the increase of the flow velocities at the air gap entrance, the flow velocity in the other radial ventilation ducts except the fourth, fifth, and sixth ducts increases correspondingly; while the flow velocity in the fourth, fifth, and sixth ventilation ducts has the opposite distribution law, where the flow velocity does not increase but decreases.
After analyzing the calculation results of the fourth ventilation duct flow velocity, when the inlet speed is 56, 70, 85, and 100 m/s, the fluid average velocity of the radial ventilation duct outlets is 1.1, 0.24, −0.6, and −1.3 m/s. From the analysis of the calculation results, it can be seen that when the air gap inlet wind speed increases to a value between 70 and 85 m/s, the wind speed in the fourth ventilation duct will be close to zero. That is to say, there is no cooling wind blowing through the core and winding, the internal loss can only be taken away by the fluid in the adjacent ventilation duct; and when the speed at the air gap entrance is greater than the critical value above, the fluid velocity in the radial ventilation duct will form a reverse-direction reflux. At this time, the hot air from the other ventilation ducts will flow back into this ventilation duct. No matter which of any the above situations occurs, it is very unfavorable to the heat transfer of the generator stator structure and the safe operation of the generator. Figure 11 shows the calculation results of the generator stator temperature field when the air gap inlet velocity is 56 m/s. It can be seen from the figure that the temperature of the stator core near the fourth radial ventilation duct is significantly higher than that of the other stator cores, but the temperature of the upper and lower windings of the stator is less affected by the low wind speed in this region. It can be seen from Figure 12 that when backflow occurs in the local radial ventilation duct of the stator core, the negative pressure brings the hot wind at the back of the stator yoke into one or several radial ventilation ducts of the stator yoke to cool the stator core, resulting in a significant rise in the local stator core temperature, which reaches 115 °C. The core temperature is even higher than the average temperature of the stator windings. However, the average temperature of the stator winding is less affected by backflow. Therefore, the backflow of the fluid in the ventilation duct will have a direct impact on the temperature rise of the stator core, which is likely to produce local overheating of the core and affect the safe operation of the unit. 
Conclusions
In this paper, a 100 MW air-cooled turbo-generator is taken as the research object. Through experimental measurement and finite element analysis of the model, the following conclusions are obtained: 1. Through the measurement of the fluid flow law in the stator radial ventilation duct, it is found that after the fluid passes through the first three radial ventilation ducts, the wind speed will decrease significantly in the back one or two radial ventilation ducts. 2. Through calculation and research, it is found that with the increase of the flow velocity at the air gap entrance, the flow velocity in several radial ventilation ducts after the step structure of the stator core end will gradually decrease to zero. At this time, if flow velocity at the air gap inlet continues to increase, the velocity direction of fluid in radial ventilation ducts will reverse, forming a backflow. 3. The backflow of the fluid in the ventilation duct will have a direct impact on the temperature rise of the local stator core, which is likely to produce local overheating of the core and affect the safe operation of the unit. In order to analyze the axial distribution of the temperature of the stator core and winding in the case of backflow in the radial ventilation duct, Figure 12 shows the axial temperature distribution curve of the sampling line with the same radial height. The sampling line position is shown in Figure 11 . When backflow occurs in the stator radial ventilation duct, the calculated temperatures of the stator core, winding, and cooling air along the axial direction are collected from the sampling line. At the same time, the corresponding air gap inlet velocity was 85 m/s. Figure 11 . Temperature field of stator at air gap inlet velocity 56 m/s. It can be seen from Figure 12 that when backflow occurs in the local radial ventilation duct of the stator core, the negative pressure brings the hot wind at the back of the stator yoke into one or several radial ventilation ducts of the stator yoke to cool the stator core, resulting in a significant rise in the local stator core temperature, which reaches 115 °C. The core temperature is even higher than the average temperature of the stator windings. However, the average temperature of the stator winding is less affected by backflow. Therefore, the backflow of the fluid in the ventilation duct will have a direct impact on the temperature rise of the stator core, which is likely to produce local overheating of the core and affect the safe operation of the unit. 
In this paper, a 100 MW air-cooled turbo-generator is taken as the research object. Through experimental measurement and finite element analysis of the model, the following conclusions are obtained: 1. Through the measurement of the fluid flow law in the stator radial ventilation duct, it is found that after the fluid passes through the first three radial ventilation ducts, the wind speed will decrease significantly in the back one or two radial ventilation ducts. 2. Through calculation and research, it is found that with the increase of the flow velocity at the air gap entrance, the flow velocity in several radial ventilation ducts after the step structure of the stator core end will gradually decrease to zero. At this time, if flow velocity at the air gap inlet continues to increase, the velocity direction of fluid in radial ventilation ducts will reverse, forming a backflow. 3. The backflow of the fluid in the ventilation duct will have a direct impact on the temperature rise of the local stator core, which is likely to produce local overheating of the core and affect the safe operation of the unit. It can be seen from Figure 12 that when backflow occurs in the local radial ventilation duct of the stator core, the negative pressure brings the hot wind at the back of the stator yoke into one or several radial ventilation ducts of the stator yoke to cool the stator core, resulting in a significant rise in the local stator core temperature, which reaches 115 • C. The core temperature is even higher than the average temperature of the stator windings. However, the average temperature of the stator winding is less affected by backflow. Therefore, the backflow of the fluid in the ventilation duct will have a direct impact on the temperature rise of the stator core, which is likely to produce local overheating of the core and affect the safe operation of the unit.
In this paper, a 100 MW air-cooled turbo-generator is taken as the research object. Through experimental measurement and finite element analysis of the model, the following conclusions are obtained:
1.
Through the measurement of the fluid flow law in the stator radial ventilation duct, it is found that after the fluid passes through the first three radial ventilation ducts, the wind speed will decrease significantly in the back one or two radial ventilation ducts.
2.
Through calculation and research, it is found that with the increase of the flow velocity at the air gap entrance, the flow velocity in several radial ventilation ducts after the step structure of the stator core end will gradually decrease to zero. At this time, if flow velocity at the air gap inlet continues to increase, the velocity direction of fluid in radial ventilation ducts will reverse, forming a backflow.
3.
The backflow of the fluid in the ventilation duct will have a direct impact on the temperature rise of the local stator core, which is likely to produce local overheating of the core and affect the safe operation of the unit.
